Using inverters to produce AC voltage from DC sources, such as solar panels, results in undesired waveform distortion. For staircase-modulated multilevel inverters, reducing this distortion to below the limits for grid power is achieved by having an adequate number of output voltage levels, and by controlling the output voltage's stepangles and voltage-levels. This paper describes research to determine which step-angles and voltage-levels are more critical to the distortion, how much deviation from their optimal values is tolerable for each step-angle and voltagelevel, and how much deviation (on a uniform basis) is allowed for these waveform parameters before the voltage distortion limits are exceeded.
Introduction
One advantage of multilevel inverters [1, 2] is that their switching frequency can be lower than a traditional inverter, which means reduced switching losses and increased conversion efficiency. Moreover, they can easily convert the relatively low DC voltages produced by photovoltaic arrays and fuel cell stacks to the AC voltages typically used [3, 4] . Greater use of renewable energy will depend not only on more efficient generation, but also on efficiently delivering the generated power. By improving the conversion of power from renewable sources, we increase the attractiveness of using solar and fuel cells. The end result is less dependence on fossil fuels.
While much research has been poured into multilevel inverters and their voltage distortion, including determining total harmonic distortion (THD)-optimal stepangle and step-level values of staircase waveforms [5, 6] , there has been a lack of work on analyzing the distortion's sensitivity to deviations from the THD-optimal step-angles and step-levels. In the real-world, imprecisions or fluctuations of these step-angles, and/or step voltages, will result in worse THD than was designed for. This underlines the importance of the step-angles' and voltages' accuracy in multilevel inverters. The deviation of the angles from their optimal values is directly related to hardware performance. Both step-angle and voltage deviations must be examined together to obtain a complete picture of how to proceed with hardware selection.
The research described by this paper focuses on the increase in the multilevel waveform's distortion from its minimum value due to unintended deviations of the voltage levels required, and/or of when the voltage steps should be made. By determining which step-angles and step voltages have more impact on the waveform's THD, hardware and control algorithm designs can be tailored to ensure that the THD is maintained below 5% as specified by IEEE 519-1992 [7] for voltage sources connected to the power grid. Fig. 1 shows an example output voltage waveform from a 7-level (3-step) multilevel inverter with unequal step-levels defined by the voltage-level ratios ρ1, ρ2, with E3 as the base voltage level, and steps occurring at the step-angles θ1, θ2, and θ3. THD is defined mathematically as
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based on the Fourier series of the inverter's output voltage
with the h th harmonic component
for a general s-step waveform with the step-levels Ei, i = 1, … , s, related to the base voltage level Es by the ratios ri = Ei /Es. Thus by altering the step-angles and step-levels, the waveform's THD is either increased or decreased. 
THD-Optimal Waveform Parameters for Staircase Modulation
In order for the THD to be below 5%, there must be at least six steps per quarter cycle, corresponding to a 13-level waveform, and the optimal step-angles and step-levels for the 13-level case are as follows [5, 6] : The minimum THD of 4.84% is produced by this set of optimal parameter values [5, 6] . The deviations mentioned in the remainder of this paper are with respect to each of these optimal values. Note that if there is a deviation from any of these optimal values, the THD will increase.
Deviation of Step-Angles
Analysis began by varying each step-angle in turn from its optimal value while keeping all other step-angles and all step-levels at their optimal values. A resolution of 0.1° was used. As can be seen from Table 1 , the smallest deviation of an individual step-angle tolerable to keep THD below 5% was associated with q4, which allowed a spread of 2.6° total, or ±1.3°. Next, we considered the case of simultaneous deviations in all the step-angles. Based on the smallest spread for individual step-angle deviation being ±1.3°, Monte Carlo analysis was performed starting with simultaneous step-angle deviations by at most ±1.3°, while keeping all voltage-levels at their optimal values, i.e., each step-angle was deviated simultaneously from its optimal value by a random amount of at most ±1.3°. The analysis was performed using 100,000 trials for each deviation limit considered. If even one THD value of above 5% resulted from these trials, the deviation limit was reduced, and this process was repeated until no violations were produced; a resolution of 0.01° was used. The maximum allowable deviation of all step-angles simultaneously, while maintaining the optimal voltage-levels, without the voltage THD exceeding 5%, was found to be ±0.34°.
Deviation of Step-Levels
Then the step-levels were examined in similar fashion as the step-angles. Analysis began by varying each step-level from its optimal value while keeping all other step-levels and all step-angles at their baseline optimal values. As can be seen from Table 2 , the smallest deviation of an individual step-level tolerable to keep THD below 5% was associated with E1, with a spread of 0.39 V (positive deviation of 0.2118 V, negative deviation of -0.1782 V). Next, we considered the case of simultaneous deviations in all the step-levels. Based on the smallest spread for individual step-level deviation being 0.39 V, Monte Carlo analysis was performed by deviating all step-levels simultaneously by a maximum of ±0.195 V while keeping the step-angles at their optimal values, i.e., each step-level was deviated simultaneously from its optimal value by a random amount of at most ±0.195 V. The analysis was performed using 100,000 trials for each deviation limit considered. If even one THD value of above 5% resulted from these trials, the deviation limit was reduced, and this process was repeated until no violations were produced; a resolution of 0.001 V was used. The maximum allowable uniform deviation of all step-levels simultaneously was found to be ±0.061 V. 
Simultaneous Deviation of Step-Angles and StepLevels
Now that the maximum step-angle and step-level deviations had been found, when the other group of parameters were maintained at their baseline optimal values, a starting point had been determined to vary both the step-angles and voltage-levels simultaneously. Simultaneous deviation limits for the step-angles and steplevels were examined based on percentages of the maximum allowable step-angle deviation of ±0.34° and step-level deviation of ±0.061 V. Monte Carlo analysis was performed using 200,000 trials for each step-angle and step-level deviation limit pairing with its result shown in bold font in Table 3 . As expected, there is a trade-off between the limit for the step-angle deviation and the limit for the step-level deviation; an increase in one required a decrease in the other to preserve the 5% THD requirement.
Here, it should be noted that typical multilevel applications require step-levels in the tens or hundreds of volts, so controlling to within 2-3% (0.02-0.03 V compared to 1 V) of such a step-level is very manageable. However, controlling step-angles to within 0.1% (0.34° compared to 360°) at operating frequencies even as low as 1 Hz is harder to do.
Conclusion
This paper has described work to study the increase in distortion of a 13-level inverter output voltage waveform from its minimum value due to unintended deviations of the step-levels required, and of when the voltage steps should occur. The smallest range of deviation allowable for a single step-angle and for a single voltage-level determined the starting point for calculating the impact on THD of simultaneous deviations of all step-angles and voltage-levels. The tolerance of deviation for step-angles was found to be much less, in percentage terms, than the tolerance for voltage-level deviations. Since the deviation of step-angles affects THD more so than the deviation of voltage-levels, on a percentage basis, this calls for tighter constraints on implementing the step-angles' timing accurately.
